Increased arterial stiffness is observed in a number of cases. The analysis of the regional functional arterial properties is of interest to determine the role of a given risk factor on the vascular wall and in some diseases such as atherosclerosis. We analysed the pulse wave velocity (PWV) measured by the Doppler method with 2D guidance and its reproducibility in different arterial segments in 15 men with coronary artery disease. Regional Doppler PWV was defined as the distance between the extremities of a given segment divided by the transit time calculated by Doppler. Intra-and interobserver reproducibilities of the Doppler measurements were studied in all of the subjects. The variation coefficients were low, maximum at the level of ascending aorta and minimal at the level of iliac segment. This good reproducibility was validated by the Bland-Altman method. Moreover, using this Doppler technique, we found a progressive increase in PWV from the ascending aorta to the iliac segment. These data demonstrate that noninvasive Doppler analysis is a feasible and reproducible method to determine regional PWV.
Introduction
The structural and functional properties of the large arteries are important determinants of cardiovascular haemodynamics. 1, 2 These properties play an important role in the transformation of the pulsatile left ventricular stroke volume into a continuous blood flow at the level of most of the peripheral vessels. This elastic system also allows the maintenance of sufficient diastolic blood pressure (DBP), essential for adequate coronary perfusion. A number of cardiovascular risk factors modify arterial stiffness, particularly age, [3] [4] [5] [6] [7] gender, smoking, hypertension, 1,6-10 hypercholesterolaemia, 6, 11, 12 and diabetes. 13 Moreover, increased arterial stiffness is present in patients with atherosclerosis, especially at the level of the coronary arteries 1, [14] [15] [16] and may precede the onset of clinically overt atheromatous disease. 5 There are a number of terms that characterize vascular wall properties: distensibility, elasticity, compliance, and stiffness. The large number of parameters that may be utilized in studying large artery dynamics are a result of the pulsatile character of blood flow and of the complex structure of the arterial wall. The functional properties of the large arteries can be analysed by noninvasive techniques such as pressure signal recording, 7, 17 transcutaneous ultrasound, 15, 18 transoesophageal echocardiography, 10, 19 magnetic resonance imaging, 20 or invasive techniques including angiography, 18 and intravascular ultrasound. 21 The measurement procedure for the carotid-femoral pulse wave velocity (PWVc) can be subject to discussion because it provides an inherently biased and global estimate of vascular stiffness (ie aortic stiffness). Moreover, it can be questioned whether changes in PWV, for example, as function of age, predominantly occur in the central rather than in the peripheral arteries.
To locate more precisely the arterial regions that undergo stiffening, we analysed in 15 coronary artery disease (CAD) patients the pulse wave velocity (PWV) measured by the Doppler method and its reproducibility in different arterial segments.
Materials and methods

Population and study design
This study was carried out in 15 men with CAD (mean age 7 s.d. ¼ 57 7 9 years). All of them were recruited from the Alfred Hospital (Melbourne, Australia) and were between 41 and 73 years old. The diagnosis of CAD had been established previously by a coronary angiogram performed for angina or myocardial infarction (significant stenosis was defined as 450%). Beta blockers and nitrates were stopped for 24 h before the study. All of the subjects had a left ventricular ejection fraction greater than 50% by ultrasound and a regular heart rate. This study was approved by the Ethics Committee of the Alfred Hospital. The following procedures were performed: history, medical examination, PWV by Doppler analysis, and PWVc.
Blood pressure measurements
Three brachial arterial blood pressure and three heart rate measurements were made using a Dinamap monitor (1846 SX, Critikon, Tampa, FL, USA) with subjects remaining in the supine position after 10 min of rest in a darkened quiet room. The following parameters were determined (mean of three measurements): systolic blood pressure (SBP), DBP, and pulse pressure (PP, defined as PP ¼ SBPÀDBP).
Carotid-femoral pulse wave velocity (PWVc)
PWVc was measured in supine position after resting for at least 10 min. To determine the PWVc, two Millar Mikro-Tip pressure transducers (model SPT-301, Millar Instruments) were placed simultaneously on carotid and femoral pulses. Data were digitized and acquired with a specific software (Borland International). The transit time between applanation points was averaged over 10 consecutive cycles. This time was calculated, using a tape measure, from the upstroke of the systolic waveform detected as the maximum of the second derivative. PWVc was calculated as manubrium sternum to femoral artery distance minus carotid artery to manubrium sternum distance divided by the transit time.
Doppler PWV
Doppler PWV was measured in supine position after resting for at least 10 min. The examination was carried out in pulsed Doppler (3.5 MHz probe) with 2D guidance and ECG trigger (HP Sonos 1500 machine, Hewlett Packard, Santa Clara, CA, USA). The interval between the beginning of the QRS complex and the foot of the systolic upstroke in the Doppler spectral envelope was calculated ( Figure 1 ) and averaged over five consecutive cycles, nonsimultaneously at five arterial sites (aortic valves, aortic arch, abdominal aorta just proximal to the aorto-iliac bifurcation, right common carotid, and right common femoral arteries). The ascending aorta was defined as being between the aortic valves and aortic arch, descending aorta between aortic arch and abdominal aorta, iliac segment between abdominal aorta and femoral artery, and carotid segment between aortic arch and carotid artery. Global PWV was calculated between the aortic valves and femoral artery. In each of these segments, Doppler PWV was defined as the distance between the extremities of a given segment divided by the transit time. The distance was assessed using a tape measure located at the same place than the ultrasound probe, with 2D guidance to localize the exact position of the analysed arterial site. The transit time was defined as the difference between two intervals of time using Doppler method. For a given subject, all the measurements were performed at the same heart rate. The Doppler images were recorded on videotape to be analysed later using the calipers of the echo machine. In all of the patients, intraobserver variation of Doppler PWV was studied at 1-h intervals and interobserver reproducibility was analysed by two trained ultrasonographers.
Statistical analysis
Data were analysed using SPSS software (SPSS Inc., Chicago, IL, USA). After verification of the normality of distribution of the continuous variables, means and standard deviations were calculated. The comparisons between the different PWVs were assessed using a t-test for paired samples (Po0.05 was considered as significant). The intra-and interobserver reproducibilities of the Doppler measurements were analysed using mean of differences between the measures, variation coefficients, and the Bland-Altman method.
Results
Study population
The clinical characteristics of the population are summarized in Table 1 . A total of 40% Forty per cent (6/15) of the patients were hypertensive, 33% (5/15) were smokers, and all of them had at least one cardiovascular risk factor.
Reproducibility
The statistical parameters of the intra-and interobserver reproducibilities of the regional Doppler PWV are shown in Table 2 . The variation coefficient was lower at the level of the iliac segment than at the level of the ascending aorta, for both intra-and interreproducibility. Variation coefficients ranged from 4.6 to 7.5% in intraobserver and from 4.7 to 8.6% in inter-observer. The analysis of the inter-observer reproducibility of global Doppler PWV according to the Bland-Altman method is shown in Figure 2 . Using this last statistical method, we found a good reproducibility of the Doppler PWV measurements, by the same observer and between two observers: all of the points were included into the interval (mean of differences minus two standard deviations; mean of differences plus two standard deviations). Table 3 shows the results of arterial measurements. Doppler PWV data according to the arterial site are presented in Figure 3 . Ascending aorta had the lowest stiffness whereas iliac segment the highest. There was a significant difference between global PWV calculated by Doppler and PWVc (7.1 7 1.1 vs 11.4 7 3.3 m/s, respectively, Po0.001).
Arterial properties
Discussion
Animal studies 22 have shown that atherosclerosis decreases elasticity in large arteries. In humans, these alterations can be detected noninvasively by the measurement of PWV. PWVc provides an indirect estimation of the overall stiffness of the Arterial stiffness and Doppler J-P Baguet et al aortic segment, but cannot analyse the regional elastic properties of a given arterial segment. To analyse this regional aortic PWV, some authors have used invasive techniques with either several intraarterial micromanometers for a simultaneous analysis 23 or two sensors centred on different aortic regions for a nonsimultaneous recording. 24 Regional PWV measurement using Doppler data has been previously studied by Dahan et al. 25 who have analysed the transit time but only between the aortic arch and the descending aorta near the diaphragm. This method was validated by comparison with the data from invasive examination. Lehmann et al, 26 using a continuous Doppler ultrasound method previously validated, 27 have studied the aortic stiffness between the root of the left subclavian artery and the abdominal aorta. They found an abnormal arterial behaviour in patients with premature atherosclerosis caused by elevated plasma LDL cholesterol.
In our study, we used the same Doppler method but applied at four different arterial segments. Recordings of the Doppler spectral envelopes at the different vascular sites were not simultaneous but separated by only a few seconds for a given patient. Moreover, this method was applicable in all our subjects. We found a good intra-and interobserver reproducibility in all arterial territories, but this was better in the iliac segment than in the other sites. These findings can be explained by the difficulties in obtaining a good flow at the level of the aortic arch in a few patients, by the troubles produced by the aortic valves and by the value of the measured distance according to the studied sites.
In the present study, Doppler global PWV represents the PWV between the aortic valves and the right common femoral artery. PWVc is calculated from the data recorded at the level of the common Figure 3 Comparison (t-test, P-value) between the Doppler PWVs according to the arterial segment: Ao., aorta; Asc., ascending; Desc., descending. Global PWV was calculated between the aortic valves and femoral artery. carotid and femoral arteries, but in fact represents more the PWV between the descending thoracic aorta (at approximately 10 cm of the aortic arch) and the common femoral artery. One of the explanations for the difference in value between PWVc and global Doppler PWV in our study is a difference in length between the territories analysed. In fact, the distance used for calculation of PWVc is less precise since it is defined by a formula (manubrium sternum to femoral artery distance minus carotid artery to manubrium sternum distance) without accurately locating the different structures, whereas the distance used for calculation of the global Doppler PWV is measured by calculating the sum of the distances separating each site (ascending aorta plus descending aorta plus iliac segment) previously located by 2D ultrasound scan. Doppler global PWV seems to be a more accurate parameter than PWVc to evaluate the whole aortic stiffness.
The modifications in the elasticity along the arterial tree depend not only on the geometry of the vessel but also on the vascular composition. Indeed, experimental studies in different animal species and in humans have found a pronounced cranio-caudal diminution in the amount of aortic elastin and augmentation in the amount of collagen. 1, 28 PWV, which analyses these elastic properties, increases with arterial wall stiffening and the distance away from the heart. In the present study, we have observed a progressive increase in PWV from the ascending aorta to the iliac segment. Carotid PWV was found to be intermediate between ascending aortic and iliac PWV. Iliac PWV is approximately three times as great as ascending aortic PWV because the iliac and femoral arteries are relatively more muscular when compared with the more proximal arteries. These findings are in agreement with experimental studies 3 and with other clinical studies that have shown a progressive increase in regional stiffness from the thoracic aorta to the periphery, using different techniques such as transthoracic ultrasound, 29 transoesophageal ultrasound, 30 magnetic resonance imaging, 20 or invasive techniques. 23 In comparison with the study by Latham et al, 23 we found a higher PWV ratio between the ascending aorta and the descending aorta (1.64 vs 1.25, respectively) but an identical ratio between the descending aorta and the iliac segment (1.68 vs 1.64). Our study is the first to use Doppler analysis at different vascular segments that characterizes non-invasively the regional arterial stiffness in a given patient. The values of the different regional PWV presented in this paper seem to be higher than those reported by others for patients without coronary atherosclerosis 23, 24 but using other techniques.
In conclusion, pulsed Doppler analysis is a feasible and reproducible method to determine regional arterial stiffness assessed by the measure of the PWV. Using this noninvasive technique in patients with CAD, we found a progressive increase in PWV from the proximal aorta to the femoral artery, as shown previously in humans but by other methods. Thus, Doppler PWV is an interesting method to evaluate regional stiffness in large arteries. This technique should be used in clinical studies to describe the respective role of the different cardiovascular risk factors depending on the arterial site and to show the modifications of the vascular wall in different diseases such as hypertension, CAD, diabetes or hypercholesterolaemia. In addition, this technique could be used to study the impact of treatment of a given risk factor on the various arterial territories.
Study limitations
The aim of the present paper was not to describe a new technique but to present an original use of Doppler method to analyse the vascular stiffness noninvasively in several territories. The number of subjects studied was small but was sufficient to describe the methodology and to analyse the reproducibility. Regional PWV were calculated using a pulsed Doppler with nonsimultaneous recordings of the Doppler spectral envelopes at the five different sites. This is because of the difficulties in clinical practice in using five different echo machines simultaneously. However, recordings were separated by only a few seconds for a given patient and this method was applicable in all subjects. Finally, other clinical studies are necessary to demonstrate the importance of the presented approach because, as far as we know, there are no regional PWV data in any vascular bed other than the aorta that has been shown to be correlated with cardiovascular outcomes.
